Early life is a dynamic period of growth for the lung and immune system. We hypothesized that ambient ozone exposure during postnatal development can affect the innate immune response to other environmental challenges in a persistent fashion. To test this hypothesis, we exposed infant rhesus macaque monkeys to a regimen of 11 ozone cycles between 30 days and 6 mo of age; each cycle consisted of ozone for 5 days (0.5 parts per million at 8 h/day) followed by 9 days of filtered air. Animals were subsequently housed in filtered air conditions and challenged with a single dose of inhaled LPS at 1 yr of age. After completion of the ozone exposure regimen at 6 mo of age, total peripheral blood leukocyte and polymorphonuclear leukocyte (PMN) numbers were reduced, whereas eosinophil counts increased. In lavage, total cell numbers at 6 mo were not affected by ozone, however, there was a significant reduction in lymphocytes and increased eosinophils. Following an additional 6 mo of filtered air housing, only monocytes were increased in blood and lavage in previously exposed animals. In response to LPS challenge, animals with a prior history of ozone showed an attenuated peripheral blood and lavage PMN response compared with controls. In vitro stimulation of peripheral blood mononuclear cells with LPS resulted in reduced secretion of IL-6 and IL-8 protein in association with prior ozone exposure. Collectively, our findings suggest that ozone exposure during infancy can result in a persistent effect on both pulmonary and systemic innate immune responses later in life.
bility in the very young, including different breathing patterns and larger lung surface area per unit of body weight compared with adults; this may affect the degree and localization of deposition for ozone (reviewed in Ref. 4) . Airways injury and reparative processes are also likely to differ in children given that the human lung continues to grow through the elementary school age, primarily due to the addition of alveoli (3, 62) . Epidemiologic studies in humans support a pathological association between ambient ozone levels and childhood respiratory health, including lung function deficits, respiratory allergies, increased hospital admissions, and prevalence of asthma (1, 35, 39, 45) . Experimental work in animal models indicates a major role for inflammatory cells and their products in the development of airways hyperreactivity with ozone (25, 26, 52, 55, 57, 61 ), yet we have a very limited understanding of how ozone can mediate a direct effect on immunity, particularly in young children.
In adult human subjects and multiple animal models, inhaled ozone results in a rapid influx of leukocytes into the airways with local release of cytokines and other inflammatory mediators (reviewed in Ref. 27) . The airway inflammatory cell profile of ozone is predominantly neutrophilic in adult humans and most animal models; however, there is evidence that children develop an eosinophilic response to ambient levels of exposure (14, 35, 36) . Because of the nonantigenic nature of ozone, there is currently no evidence that an adaptive immune response leading to establishment of immunological memory and antibody production is induced by exposure alone. Ozone may indirectly modulate adaptive immunity by promoting the activation of antigen-presenting cells (26, 34, 38) . Yet, in light of increased antigen-presenting capabilities, it is surprising that numerous rodent models show impaired pulmonary microbial clearance on exposure to ozone, a finding that is enhanced in younger animals (19, 53, 54) . An important clue to the link between ozone and microbial immunity is the identification of Toll-like receptor 4 (TLR4) as an essential susceptibility gene for the inflammatory and physiological effects of ozone exposure in certain mouse strains (25, 33) . TLR4 is a member of the TLR family of proteins that are expressed by cells of the innate immune system and bind to common structural motifs of pathogens (reviewed in Ref. 40 ). Targeted deletion mutant mice for TLR4, TLR2, and the TLR signaling adapter protein myeloid differentiation factor-88 (MyD88) exhibit an attenuated inflammatory response and no airways hyperreactivity following ozone exposure (57) .
The first year of life is a period of significant maturation for both the lung and immune system, which continues into childhood (29) . In the current study, we speculated that chronic inhalation of ozone during early life may have persistent effects on immunity. This hypothesis is based on known differences in lung structure and immune system development, which suggest that children and adults may have differential responses to ozone exposure. Furthermore, the long-term effects of early life air pollutant exposures on respiratory health are supported by epidemiology (16, 17, 47) . To test this hypothesis, we exposed rhesus macaque monkeys to episodic ozone during the postnatal development period and subsequently evaluated the impact of prior exposure at 1 yr of age. We used a single inhaled challenge with bacterial LPS, a TLR4 ligand, to stimulate a pulmonary and systemic inflammatory response. We also determined whether prior exposure to ozone had a persistent effect on systemic immunity by ex vivo stimulation of peripheral blood mononuclear cells (PBMC) with LPS.
MATERIALS AND METHODS
Animals and ozone exposure. Male rhesus macaque (Macaca mulatta) infant monkeys were housed in filtered air conditions following birth. Starting at 30 days of age, animals were exposed to filtered air or 11 cycles of ozone (Fig. 1) . Each cycle consisted of ozone exposure for 5 days [0.5 parts per million (ppm) at 8 h/day] followed by 9 days of filtered air. Details of ozone exposure methods for this study were previously reported (50) . Animal groups not exposed to ozone remained in filtered air throughout each cycle. For animals evaluated at 6 mo of age, necropsy took place within 2.5 h following the last ozone exposure; animals ranged from 179 to 183 days of age (25-26 wk) . Animals evaluated at 1 yr of age remained in filtered air housing for a period of 6 mo following 11 cycles of ozone exposure.
For LPS challenge studies, 1-yr-old animals received an aerosolized dose of 25,000 endotoxin units in PBS (E. coli O26:B6; SigmaAldrich, St. Louis, MO) via mask exposure ϳ24 h before necropsy. The same commercial lot of LPS was used for all animals in the current study. Blood draws for complete blood count (CBC) analysis were conducted immediately before LPS challenge in addition to 6 and 22 h post-LPS challenge. CBC values were determined with a Beckman Coulter analyzer (Beckman Coulter, Miami, FL), and differential counts were obtained from blood smears. Bronchoscopy was conducted at 6 h post-LPS challenge; lavage samples for 24 h post-LPS challenge were collected at necropsy. All animal procedures were approved by the University of California, Davis, Institutional Animal Care and Use Committee. Care and housing of animals before, during, and after treatment complied with the provisions of the Institute of Laboratory Animal Resources and conforms to practices established by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC International).
Bronchoalveolar lavage. Bronchoalveolar lavage specimens were obtained by bronchoscopy of sedated monkeys or collected from the right caudal lobe at the time of necropsy. For leukocyte differentials, lavage samples were cytocentrifuged, air-dried, and stained with a modified Wright stain (Diff-Quik), and the proportion of macrophages, neutrophils, eosinophils, lymphocytes, and epithelial cells was determined by counting 300 cells per sample by light microscopy.
Cytokine ELISA. IL-1␤, IL-6, and IL-8 protein concentration in lavage and PBMC supernatants (see PBMC culture and LPS stimulation) were measured by ELISA Ready-SET-Go! kits purchased from eBioscience (San Diego, CA). TNF-␣ protein concentrations were measured using a DuoSet kit (R&D Systems, Minneapolis, MN). The limit of detection for ELISA assays was 2 pg/ml (IL-6), 4 pg/ml (IL-8 and IL-1␤), and 5 pg/ml (TNF-␣).
PBMC culture and LPS stimulation. PBMC were prepared from blood samples collected at necropsy as previously described and cryopreserved before culture (41) . The LPS strain and lot number was identical to that used for in vivo treatments in this study. PBMC were cultured in AIM V medium (Invitrogen, Carlsbad, CA) at a concentration of 2 ϫ 10 5 /100 l. LPS was diluted in AIM V media and incubated with cultures for 6 or 24 h at 37°C in 5% CO 2. Supernatants were collected by centrifugation of PBMC cultures.
Statistics. All data are reported as means Ϯ SE. Treatment and sample differences were evaluated using ANOVA (1-or 2-way) or unpaired t-test where appropriate (GraphPad Prism, La Jolla, CA).
RESULTS
Effect of postnatal episodic ozone exposure on peripheral blood and bronchoalveolar lavage leukocytes at 6 mo of age. To determine whether postnatal episodic ozone exposure has an effect on circulating (blood) and airway (lavage) immune cells, we first evaluated animals at ϳ6 mo of age immediately following the last 5 days of ozone. Total numbers of peripheral blood leukocytes were reduced in ozone-exposed animals compared with age-matched filtered air controls; this decrease was primarily represented in the polymorphonuclear leukocyte (PMN) population ( Fig. 2A) . We also observed a trend toward reduced lymphocyte numbers in response to ozone (P ϭ 0.07). In contrast with decreased circulating PMN, ozone-exposed animals showed a significant increase in peripheral blood eosinophil number and frequency at this 6-mo time point (Fig.  2, A and B) . Fig. 1 . Experimental timeline for postnatal episodic ozone exposure and LPS challenge. Starting at 30 days of age, infant rhesus monkeys were exposed to 11 cycles of ozone. Each cycle consisted of ozone exposure for 5 days followed by 9 days of filtered air (0.5 parts per million at 8 h/day). Animals were evaluated either at the end of 10 cycles followed by 5 days of ozone (6 mo of age) or 11 cycles followed by 6 mo of filtered air (1 yr of age). LPS challenge took place at 1 yr of age.
Ozone exposure did not have an effect on total number of bronchoalveolar lavage cells at 6 mo of age (Fig. 2C ), but a significant reduction in lymphocyte number and frequency was observed (Fig. 2, C and D) . Similar to findings in peripheral blood at this age, lavage from ozone-exposed animals showed a significant increase in eosinophil number and frequency compared with age-matched filtered air controls (Fig. 2D) .
Effect of postnatal episodic ozone exposure on peripheral blood and bronchoalveolar lavage leukocytes at 1 yr of age. During normal immune system development in humans, peripheral blood leukocyte numbers progressively increase during the first year of life and then decline over time (8) . We observed a similar trend in filtered air control monkeys, with an increase in total peripheral blood leukocytes from 3 to 6 mo of age in filtered air control monkeys (data not shown) followed by a decline at 1 yr of age, which was significant compared with values obtained at the 6-mo time point (P ϭ 0.0267; Figs. 2A and 3A) . In contrast, no significant change in number of total peripheral blood cells was observed in postnatal ozone-exposed animals evaluated at 1 yr of age compared with values obtained from ozone-exposed animals at the 6-mo time point ( Figs. 2A and 3A) .
There was a significant interaction between exposure and cell type within peripheral blood leukocyte subsets at 1 yr of age (P Ͻ 0.05 by 2-way ANOVA); ozone-exposed animals showed a trend toward decreased PMNs and increased lymphocytes (P ϭ 0.07 compared with filtered air controls; Fig. 3 , A and B). The frequency of peripheral blood monocytes was significantly increased with prior ozone exposure (Fig. 3B) . Similarly, lavage monocyte frequency and numbers were increased at 1 yr of age in ozone-exposed animals, although there was no overall effect of ozone on total lavage cell number ( Postnatal episodic ozone exposure attenuates the systemic inflammatory response to LPS challenge at 1 yr of age. To determine whether a prior history of postnatal ozone exposure can have a persistent effect on innate immunity, we challenged 1-yr-old monkeys with a single dose of inhaled LPS and evaluated the immediate effect on peripheral blood leukocyte subsets. In age-matched filtered air control animals, LPS resulted in a time-dependent shift in peripheral blood leukocyte numbers, which peaked at 6 h postchallenge and declined at 22 h postchallenge ( Fig. 4A ; P Ͻ 0.05 by 1-way ANOVA). LPS also significantly affected the frequency of blood PMNs in filtered air control animals, which was maximal at 6 h post-LPS and declined at 22 h ( Fig. 4B ; P Ͻ 0.05 by 1-way ANOVA). Conversely, frequency of peripheral blood lymphocytes was significantly reduced at 6 h compared with 22 h in filtered air control animals ( Fig. 4C ; P Ͻ 0.05 by 1-way ANOVA).
In comparison with monkeys that were raised exclusively in filtered air for 1 yr, animals that had received postnatal episodic ozone exhibited a highly variable peripheral blood response to LPS, with no statistically significant changes in total peripheral blood cells, PMN frequency, or lymphocyte frequency relative to baseline measures (Fig. 4, A-C) . However, we did observe a trend toward increased monocyte frequency at 6 h post-LPS challenge (P ϭ 0.07 compared with filtered air, data not shown) in association with prior history of ozone exposure.
Postnatal episodic ozone exposure attenuates the pulmonary inflammatory response to LPS challenge at 1 yr of age. Because of concerns regarding the inflammatory effects of bronchoscopy, collection of lavage samples was limited to 6 and 24 h post-LPS challenge. Animals exposed to 11 cycles of ozone had significantly fewer total lavage cells than control animals at both 6 and 24 h post-LPS challenge (Fig. 5A ). Although we obtained increased numbers of cells at the 24-h time point relative to 6 h due to collection methods at necropsy, there was no significant difference in the overall number of cells per milliliter of lavage fluid between the 6-and 24-h time points within each animal group, i.e., values for filtered air animals were similar at 6 and 24 h, and values for ozone were similar at 6 and 24 h (data not shown). A comparison between lavage cell numbers obtained at necropsy of 1-yr-old animals without LPS challenge (Fig. 3C) shows an ϳ2-fold increase following LPS in filtered air animals, whereas ozone-exposed animals showed no change from baseline. One-year-old animals without LPS challenge had few lavage PMNs (Fig. 3D ), but frequency increased dramatically at 6 h post-LPS (Fig. 5B ) and declined by ϳ2-fold at 24 h (Fig. 5C ). Ozone-exposed animals showed significantly decreased lavage PMN numbers and a trend toward reduced frequency at both 6 and 24 h post-LPS compared with filtered air animals (PMN number, P Ͻ 0.05, filtered air vs. ozone; PMN frequency, P ϭ 0.07, filtered air vs. ozone; Fig. 5, B and C) .
We next determined whether postnatal ozone exposure had an effect on cytokine synthesis in the context of a pulmonary inflammatory response. Lavage samples collected at 6 and 24 h post-LPS challenges were analyzed for the presence of proinflammatory cytokines IL-1␤, TNF-␣, and IL-6 by ELISA. Lavage obtained from 1-yr-old animals without LPS challenge show little to no detectable levels of these cytokines (data not shown). In all animals, there was an increase in cytokine concentration at 6 h post-LPS challenge, which was significantly reduced at 24 h for both IL-1␤ and TNF-␣ (Fig. 6, A-C) .
Effect of prior ozone exposure on peripheral blood response to LPS. Previous studies have demonstrated that stimulation of human postnatal peripheral blood cells with TLR ligands in vitro results in a cytokine secretion profile that is distinct from that of stimulated adult cells (37, 44, 49, 60) . Based on our findings of altered responses to LPS airway challenge, we investigated whether the peripheral blood response to TLR4 stimulation was persistently modulated with prior history of ozone exposure. To address this question, we cultured PBMC obtained from 1-yr-old animals that had been previously exposed to 11 cycles of ozone during postnatal development and compared the responses with age-matched filtered air control animals. PBMC cultures were treated with LPS in a dose-dependent manner, and secretion of IL-6 and IL-8 protein was measured at 6 and 24 h poststimulation. As shown in Fig. 7 , we found that LPS treatment resulted in enhanced secretion of both IL-6 and IL-8 at 6 h poststimulation (Fig. 7, A and C) . The overall concentration of both IL-6 and IL-8 secretion also increased over time (Fig. 7, A and B, P Ͻ 0.001, 6 vs. 24 h; Fig. 7 , C and D, P Ͻ 0.001, 6 vs. 24 h). Baseline (no LPS) secretion of IL-6 and IL-8 was very low in PBMC cultures from ozone-exposed animals; IL-6 was not detectable after 6 h of culture. In conjunction with LPS stimulation, IL-6 and IL-8 secretion in PBMC cultures showed an exposure-dependent effect. PBMC from animals with prior ozone exposure showed significantly attenuated secretion of IL-6 and IL-8 (Fig. 7 , A and B, P Ͻ 0.001, filtered air vs. ozone; Fig. 7 , C and D, P Ͻ 0.01, filtered air vs. ozone).
DISCUSSION
In this study, we investigated the immunomodulatory impact of early life ozone exposure. A cyclic (episodic) regimen of ozone was used to mimic the repetitive nature of ambient air pollution exposures in humans. We first evaluated the immediate effects of exposure on the postnatal immune system and found that ozone reduced circulating leukocyte numbers after 11 cycles, particularly in the PMN subset. Yet, eosinophil counts were increased in peripheral blood, a finding that was paralleled in lung lavage. These ozone-mediated shifts in leukocyte subpopulations were not maintained in animals that were allowed to mature to 1 yr of age under filtered air conditions; only blood and lavage monocytes increased in association with prior ozone exposure. Based on findings of enhanced monocyte frequency at 1 yr of age, we expected that stimulation of the innate immune system with a TLR ligand would elicit a differential effect in animals with prior ozone exposure history. Whereas the systemic and pulmonary immune system of animals with a history of postnatal ozone exposure contained more monocytes and therefore more cells expressing the receptor for LPS (TLR4), we instead found a diminution of both blood and lavage cell responses following inhaled LPS challenge compared with controls. Surprisingly, we also observed that the long-term effects of ozone were retained within the peripheral blood compartment, such that ex vivo LPS stimulation of PBMC from 1-yr-old animals with a prior history of exposure showed a significant reduction in IL-6 and IL-8 secretion compared with age-matched animals raised exclusively in filtered air.
In adult rhesus monkeys, acute ozone exposure (0.96 ppm/8 h) results in neutrophilic airways inflammation (30) . Consistent with the reported inflammatory effects of ozone in rhesus monkeys, a recent investigation in adult cynomolgus monkeys also shows that PMNs are the major leukocyte population recruited into the lung following acute ozone exposure (1 ppm/6 h) (23) . In the current study, we found that airways inflammation in 6-mo-old monkeys immediately following 5 mo of episodic exposure at 0.5 ppm/8 h is eosinophilic in phenotype. Furthermore, we also observed a significant increase in the eosinophil population within peripheral blood, indicating recent stimulation of bone marrow release. PMN were not only suppressed in the circulation of ozone-exposed infant monkeys, but also were found in minimal numbers in lavage. It is possible that the inflammatory response to chronic or episodic ozone exposure in nonhuman primates is generally eosinophilic in nature. However, 5-day exposure of 6-mo-old rhesus monkeys at 0.5 ppm/8 h shows a similar profile of airways eosinophilia without a PMN component (data not shown), therefore suggesting that this response is unique to young animals. Eosinophils may be the initial granulocyte response to ozone in young monkeys but could ultimately transition to a PMN granulocyte response as monkeys mature. Indeed, prolonged ozone exposure of the adult bonnet macaque monkey (0.5 ppm/8 h) for up to 90 days results in an airway inflammatory profile consisting of both PMNs and eosinophils (11) . Furthermore, Hyde et al. (30) reports significant eosinophil influx within intrapulmonary mucosa of adult rhesus monkeys following acute exposure. Although adult human subjects develop a neutrophilic airways inflammatory response to experimental ozone exposure (reviewed in Ref. 27 ), the observation of eosinophil activation in young children living in regions of high ambient ozone levels suggests that our findings in infant monkeys may be comparable with that observed in the human population (14) .
The effects of episodic ozone on peripheral blood and lung inflammation at 6 mo of age, as well as increased monocytes at 6 mo postexposure, demonstrate that ozone has both immediate and long-term effects on immunity. We do not know whether alterations of peripheral blood and lavage leukocyte populations in association with early life ozone persist beyond the developmental time points evaluated in this study; there are no comparable human studies reported in the literature. It can be speculated that elevated numbers of blood and airway monocytes are due to increased bone marrow recruitment, and there is evidence of enhanced pulmonary expression of hematopoietic cytokines and monocyte chemokines following acute ozone exposure (48, 63) . Our finding of increased blood and airway monocytes in association with postnatal episodic ozone followed a long period of filtered air housing after the last exposure, which suggests the possibility that cellular sources for monocyte recruitment were modulated in an epigenetic fashion as one possible explanation.
The suppressive effect of ozone on the airway inflammatory response to LPS in this study is consistent with previous data obtained in mouse, rat, and rabbit models of microbial infection. Indeed, the detrimental impact of ozone exposure on host defense mechanisms in the lung was originally described over 50 years ago in an animal model of Klebsiella pneumoniae infection (42) . Since this time, the role of ozone in susceptibility to infection by multiple microbial organisms as well as variable responsiveness by age, strain, and species has been documented by a number of investigators (19, 20, 54) . Additionally, the sequence of exposures has a significant impact on the type of inflammatory response generated, such that preexposure to LPS results in an enhanced ozone-mediated cytokine response, whereas preexposure to ozone results in a suppressed LPS-mediated cytokine response (32) . The primary mechanism for reduced bacterial clearance following acute ozone is via impairment of alveolar macrophage phagocytosis (19) . In vitro exposure of human alveolar macrophages to ozone results in a similar reduction of phagocytosis, accompanied by reduced cytokine secretion when subsequently challenged with LPS (5). It is not known whether suppression of alveolar macrophage function by ozone translates to increased susceptibility to respiratory infections in the human population, but epidemiology does support increased hospital admissions for pneumonia and COPD in areas of high ambient ozone (51, 58) . In this study, the observed attenuation of inflammatory responses to LPS challenge in young rhesus monkeys is similar to previously published effects of ozone on attenuated host defense mechanisms during microbial infection, but our data are the first to show an effect with episodic exposures. Comparatively, chronic ozone exposure negates the initial immunosuppressive effect of acute exposure on alveolar macrophages in a murine model (18) . We were also able to discern a significant effect of ozone in circulating leukocyte populations, both before and after LPS challenge. Our data clearly show that the immunosuppressive effects of ozone are not limited to cells within the lung and that the ability of cells within the peripheral blood compartment to respond following LPS challenge is also negatively affected by prior exposure.
Recently, there has been growing support that one of the mechanisms by which ozone exposure may induce airway injury and hyperresponsiveness in rodent models is dependent on TLRs (25, 57) . There are limited data in the human population regarding environmental effects on TLRs, however, a recent study by Gold et al. (21) provides strong evidence that birth seasonality has a significant effect on cord blood responses to innate immune ligands; children born in summer months showed reduced cytokine synthesis following stimulation of cord blood with various TLR ligands. Our data showing reduced responsiveness to LPS challenge in ozone-exposed rhesus monkeys supports a direct link between ozone and TLR4, although we do not yet know whether protein or gene expression of TLR4 has been affected. Acute ozone exposure can induce altered TLR4 distribution on murine alveolar macrophages, but cytokine responsiveness to LPS is enhanced in this model, suggesting an alternative response mechanism in primate species (28) . Alterations of TLR4 responsiveness are evident in other respiratory diseases, such as cystic fibrosis, suggesting that this pathway is a particularly vulnerable target for modulation (31) . How ozone can directly affect the function and/or expression of TLR4 and other surface receptors remains poorly understood. It is possible that ozone can affect cellular signaling via modification of lipid products derived from epithelial membranes (reviewed in Ref. 27 ). An important question remains as to how oxidative stress events on the surface of airways can transmit a TLR4-modulating response within peripheral blood, as observed in our study. Alveolar macrophages are a likely immune cell target for ozone inhalation, but there is currently no evidence to support migratory efflux of this leukocyte population from the lung back into the systemic circulation.
Maternal exposures to air pollutants (diesel exhaust particles, residual fly ash, and particulate matter) can prime the postnatal airway response to a secondary antigenic or oxidative stress challenge (2, 12, 22) . Our study is the first to experimentally demonstrate a persistent suppressive effect of early life exposure to air pollutants on innate immunity. As with the cellular mechanisms of ozone-mediated receptor modification, the molecular pathways that maintain persistence of an aberrant response, independent of genetic polymorphism, are unclear. In a similar system, challenge of postnatal rats with LPS can subsequently attenuate the systemic cytokine LPS response in adult rats (10) . It has been proposed that the early life effects on LPS responsiveness are dependent on reprogramming of the neuroimmune axis, such that a reduction of plasma corticosterone levels via specific inhibition of COX-2 activity prevented alteration of adult immune responses (43) . However, we were able to elicit differential responsiveness to LPS stimulation in peripheral blood cell in vitro, independent of neural stimulation, suggesting that the persistent effects of postnatal ozone in monkeys are inherent to TLR4 and/or associated signaling pathways.
Another unexpected finding in this study is that the effect of postnatal ozone on the LPS response is maintained within the peripheral blood compartment for at least 6 mo after the exposure period. We do not know what immune cell type is responsible for the deficient response to LPS in monkeys, but it is unlikely to be a granulocyte as we used cryopreserved cells for our in vitro stimulation assays. The monocyte may be a good candidate, as it can serve as the precursor for the alveolar macrophage response; future studies will investigate the phagocytic properties of the macrophage population in 1-yr-old monkeys from this study. The rate of turnover for rhesus monkey monocytes in the circulation is unknown, but human monocytes have a half-life of 3 days (56); as such, it is likely that a bone marrow-derived population has been persistently affected. A recent investigation using a human monocyte leukemic cell line to investigate mechanisms of LPS tolerance clearly shows that epigenetic regulation of an environmental challenge relies on a complex strategy of both transcriptional and translational silencing of cytokine mRNA (9) . Epigenetic regulation of ozone has yet to be defined, although studies with inbred strains of mice suggest that parental imprinting can transmit enhanced susceptibility to ozone injury (46) .
It should be noted that the infant monkey population evaluated in our study was limited to males, which may have an impact on experimental outcomes. The rationale for focusing exclusively on males in this investigation is based on epidemiology, which suggests that male children are more susceptible to the development of lung disease, particularly respiratory distress syndrome and asthma (reviewed in Ref. 6 ). During early childhood lung development, surfactant production is delayed in male neonates (13) , and the normal growth pattern of the male lung results in narrowing of the airways compared with the female lung (24); these physiological factors may contribute to deposition of inhaled pollutants, which can affect the severity of the inflammatory response. In addition, studies in rhesus macaques show that females have significantly higher numbers of circulating lymphocytes and monocytes, which could also impact on the immune response to environment (59) . We expect that future studies will expand our analysis to females to experimentally address the influence of sex on immune response to air pollutant exposure.
In summary, using an infant rhesus monkey model, our findings indicate that chronic inhalation of ozone during the postnatal growth period results in a persistent attenuation of both pulmonary and systemic innate immune responses to LPS later in life. To the best of our knowledge, this study is the first to experimentally demonstrate that the molecular pathways that respond to oxidative stress retain memory, such that cells within the lung and peripheral blood compartments no longer yield a robust inflammatory response to a stimulus of innate immunity. We do not yet know whether these early life environmental perturbations are prolonged beyond the time points evaluated in this study. It will also be important to establish whether airway challenge by other TLR ligands is sensitive to postnatal ozone exposure; epidemiology and animal models suggest a link between ozone and virus infections (reviewed in Ref. 7) . These studies, along with future experiments evaluating the impact of early life exposures on the adaptive immune response to microbial challenges, will provide important mechanistic support for the long-term detrimental effects of air pollution on respiratory disease.
